Dynamically controlled posttranslational modifications of nucleosomal histones alter chromatin condensation to regulate transcriptional activation. We report that a nuclear tandem kinase, JIL-1, controls gene expression by activating poly(ADP-ribose) polymerase-1 (PARP-1). JIL-1 phosphorylates the C terminus of the H2Av histone variant, which stimulates PARP-1 enzymatic activity in the surrounding chromatin, leading to further modification of histones and chromatin loosening. The H2Av nucleosome has a higher surface representation of PARP-1 binding patch, consisting of H3 and H4 epitopes. Phosphorylation of H2Av by JIL-1 restructures this surface patch, leading to activation of PARP-1. Exposure of Val61 and Leu23 of the H4 histone is critical for PARP-1 binding on nucleosome and PARP-1 activation following H2Av phosphorylation. We propose that chromatin loosening and associated initiation of gene expression is activated by phosphorylation of H2Av in a nucleosome positioned in promoter regions of PARP-1-dependent genes.
INTRODUCTION
Poly(ADP-ribose) polymerase-1 (PARP-1) is a nuclear enzyme capable of stimulating the initiation of transcription by loosening chromatin during development and in response to environmental stimuli (Kim et al., 2004; Kotova et al., 2011; Petesch and Lis, 2012; Tulin and Spradling, 2003) . The localization of PARP-1 in chromatin is primarily restricted to the promoters of a large subset of genes (Krishnakumar et al., 2008) . Upon PARP-1 activation, poly(ADP-ribose) is assembled from nicotinamide adenine dinucleotide (NAD + ) and attached to either PARP-1 or acceptor proteins (D'Amours et al., 1999) . The anionic branches of poly(ADP-ribose) participate in electrorepulsive shuttling of chromatin proteins, including histones, and their loosening from DNA, thereby facilitating chromatin decondensation and Pol II-dependent transcription (Petesch and Lis, 2012; Poirier et al., 1982; Realini and Althaus, 1992; Tulin and Spradling, 2003) .
A nucleosome serves as the primary binding platform for PARP-1 in chromatin (Pinnola et al., 2007) . Nucleosomal histones participate in regulating PARP-1 activity associated with the initiation of transcription, chromatin remodeling, and genotoxic stress response pathways (Pinnola et al., 2007; Kotova et al., 2011) . The H2Av histone variant, a homolog of the mammalian H2Ax/H2Az histone variants, controls PARP-1 localization in chromatin, whereas H2Av phosphorylation at Ser137 leads to PARP-1 activation (Kotova et al., 2011) . A tandem kinase, JIL-1, associated with the chromosome throughout the cell cycle has also been shown to serve as an essential regulator of chromatin structure in Drosophila (Jin et al., 1999) . JIL-1 is responsible for the phosphorylation of histone H3 Ser10 during interphase and is essential for maintaining the more open, decondensed regions of transcriptionally active chromatin (Wang et al., 2001) . While the phosphorylation of histone H3 Ser10 is a marker associated with transcription activation (Ivaldi et al., 2007; Nowak and Corces, 2000) , its specific role is not clear. Taken together, findings of these earlier studies suggest that PARP-1 and JIL-1 both mediate the opening of chromatin domains. The overlapping functions between a chromosomally associated kinase responsible for maintaining open chromatin structures in Drosophila and the PARP-1 machinery responsible for the same effect have led us to propose and test whether the activities of the two proteins are linked together by a single chain of molecular events. We examined the relationships among JIL-1 kinase activity, the resultant histone modifications, and PARP-1 activity, using both in vivo and in vitro approaches.
RESULTS

Jil-1 Is Required for PARP-1 Activation
Based on disrupted accumulation of poly(ADP-ribose) in animals with mutation in the Jil-1 kinase gene, we identified JIL-1 kinase as a protein that regulates activity of PARP-1. JIL-1 is chromosomally associated throughout the entire cell cycle and functions as an essential regulator of chromatin structure in Drosophila (Jin et al., 1999) . JIL-1 appears to be responsible for the phosphorylation of histone H3
Ser10 during interphase and is essential JOURNAL CLUB 5/13/14 GABRIEL MBALAVIELE , and Jil1 Z60 late third-instar larvae were analyzed after PAGE on western blot (A) using anti-pADPr,
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Molecular Cell JIL-1 Kinase Activates PARP-1 for maintaining the decondensed regions of chromatin (Deng et al., 2008; Nowak and Corces, 2000; Wang et al., 2001 ). We found that the level of poly(ADP-ribose) (pADPr) in mutant Drosophila lacking expression of Jil-1 was greatly reduced relative to its level in the wild-type animals ( Figures 1A and 1B) . The level of pADPr in Jil-1 mutants is similar to that observed in flies lacking H2Av, which is known to stimulate PARP-1 activity, as well as in PARP-1 mutants (Kotova et al., 2011) . These results suggest that JIL-1 is required for activation of PARP-1 in vivo in a manner similar to that observed for other known PARP-1 regulators. PARP-1 activity is counterbalanced by the activity of poly(ADP-ribose) glycohydrolase (PARG), which catalyzes the removal of pADPr from proteins. In the absence of PARG, the level of pADPr is dramatically increased (Figures 1A and 1B) , allowing us to measure the effects of upstream regulators on PARP-1 activation directly. For example, loss of H2Av in a Parg mutant background suppresses PARP-1 activation and pADPr production, indicating that H2Av activates PARP-1 directly rather than via regulation of PARG. Similarly, pADPr accumulation was suppressed in double-mutant animals bearing mutations in both Parg and Jil-1 ( Figures 1A  and 1B) , suggesting that Jil-1 regulates PARP-1 activation directly.
Previous work has demonstrated that JIL-1 phosphorylates H3 Ser10 (Wang et al., 2001 Ser137 phosphorylation in Jil-1 mutants can be tied to activities of other kinases in PARP-1-independent pathways, including DNA repair-dependent H2Av phosphorylation (Figure S1A available online) (Kotova et al., 2011; Kusch et al., 2004) and mitotic-dependent H3 phosphorylation by the Aurora kinase (Giet and Glover, 2001) . Importantly, H3 Ser10 phosphorylation was completely blocked in H2Av null mutants (Figures 1A and 1B) , indicating that the presence of H2Av is required for H3 Ser10 phosphorylation in vivo in all pathways.
Taken together, these data suggest that phosphorylation of H3 Ser10 and H2Av Ser137 by JIL-1 and activation of PARP-1 is strictly coupled to the chain of interaction within the nucleosome-PARP-1-JIL-1 complex. To test this hypothesis in vitro, we prepared Drosophila recombinant histones, JIL-1 kinase, and PARP-1 proteins and assembled nucleosomes (Pinnola et al., 2007) . We found that the JIL-1 kinase did not modify the PARP-1 protein ( Figure S1B ). Instead, JIL-1 phosphorylated both purified histones H2Av Ser137 and H3 Ser10 (Figures S1C-S1E, 1C, and 1D). However, when these histones were incorporated into a nucleosome, JIL-1 modified the H2Av histone only, not H3 ( Figure 1E ). Importantly, phosphorylation of nucleosomal H2Av by JIL-1 was sufficient to activate PARP-1 ( Figure 1F ). Upon PARP-1 activation, JIL-1 also phosphorylated H3 Ser10 (Figures 1F and 1G) . These results confirm that the JIL-1 kinase is required for PARP-1 activation and that JIL-1 activates PARP-1 via H2Av
Ser137 phosphorylation. The phosphorylation of H2Av by JIL-1, and resulting PARP-1 activation in the nucleosome, is apparently also required for H3 Ser10 phosphorylation ( Figure 1G ). Moreover, we observed changes associated with PARP-1-dependent histone displacement from nucleosomes and the accumulation of free DNA in solution ( Figure S1F ). Similarly, heat shock apparently stimulated transcription via PARP-1-dependent histone displacement from chromatin, as was reported previously (Petesch and Lis, 2012) . Thus, in our in vitro experimental system, the phosphorylation of H2Av by JIL-1 kinase induces all steps of PARP-1-dependent processes on the nucleosome.
JIL-1 Kinase Colocalizes and Interacts with H2Av and PARP-1 to Control PARP-1-Dependent Transcription and Chromatin Alterations Previously, we found that the H2Av histone colocalizes with PARP-1 in chromatin, while the H2Av mutant phenotype exhibits a disruption of the proper localization of PARP-1 and PARP-1-dependent functions (Kotova et al., 2011) . To detect JIL-1 kinase in Drosophila chromatin, we used exon-trap Drosophila P01579 (Kelso et al., 2004) , where the GFP exon is inserted after the first coding exon of the Jil-1 locus ( Figure S2A ). The incorporation of GFP did not affect JIL-1 kinase localization (Figure S2B) . Our data show that H2Av, but not H2A, consistently colocalizes with JIL-1 P01579 protein across the genome ( Figures   2A and 2B) . A chromatin immunoprecipitation (ChIP) assay revealed that JIL-1 kinase colocalizes with PARP-1 and H2Av at position À150 of the hsp70 promoter ( Figure 2C ), and all three anti-H2Av-phospho-Ser137, anti-H2Av, anti-H2A, and anti-H3-phospho-Ser10. Amount of protein detected on western blots was estimated based on five independent repeated experiments, quantified using the ImageQuant Software Package, and normalized to the amount of actin protein (B).
(C and D) JIL-1 kinase phosphorylates purified H3 Ser10 (C) and H2Av Ser137 (D) histones in vitro.
(E) JIL-1 kinase phosphorylates H2Av Ser137 , but not H3 Ser10 , in the nucleosome in vitro. JIL-1 kinase was incubated with H2Av-containing nucleosome with or without ATP. H2Av-phospho-Ser137 accumulation was detected on western blot using affinity purified antibody against H2Av-phospho-Ser137.
(F) JIL-1 kinase activates PARP-1 by phosphorylation of H2Av nucleosome. JIL-1 kinase was preincubated with equal amounts of H2Av-or H2A-containing nucleosome and PARP-1 protein with or without ATP, followed by mixing with NAD. Accumulations of pADPr, H2Av-phospho-Ser137, and H3-phospho-Ser10 were detected after PAGE on western blot using anti-pADPr, anti-H2Av-phospho-Ser137, and anti-H3-phospho-Ser10.
(G) Molecular model describing changes in nucleosomes, which occur during phosphorylation of H2Av and H3, and activation of PARP-1 enzymatic reaction:
(1) JIL-1 kinase interacts with an H2Av-bearing nucleosome and/or PARP-1; (2) JIL-1 phosphorylates H2Av Ser137 ; (3) H2Av Ser137 phosphorylation increases the strength of interaction between PARP-1 and H4, thereby initiating pADPr production by PARP-1; (4) pADPr induces further changes in the nucleosome (relaxation), allowing phosphorylation of H3 Ser10 by JIL-1; and (5) transcription through changes in nucleosomal structure results from these modifications. See also Figure S1 .
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JIL-1 Kinase Activates PARP-1 proteins demonstrate strong interactions in vitro (Figures 2D and 2E) , suggesting that they are components of the same machinery of transcription and chromatin regulation.
To test whether JIL-1 controls PARP-1-dependent transcription and chromatin alterations in vivo, we examined PARP-1-dependent processes in the hsp70 locus (Kotova et al., 2011; Petesch and Lis, 2012; Tulin and Spradling, 2003) in Jil-1 mutants and wild-type Drosophila. Following heat shock, Jil-1 mutant third-instar larvae were unable to produce sufficient Hsp70 mRNA ( Figure 2F ) similar to Parp mutant (Kotova et al., 2011; Tulin and Spradling 2003) and could not recover from heat shock. Although phosphorylation of both H2Av Ser137 and H3
Ser10 histones preceded PARP-1-dependent displacement of histones at the hsp70 promoter in wild-type animals ( Figure 3A ), no such histone modifications were detected in Jil-1 and Parp-1 mutants ( Figure 3A) . Furthermore, upon heat shock, neither histone phosphorylation nor histone displacement was seen in Jil-1 and Parp-1 null mutants, while histones were displaced from the promoter region in wild-type ( Figure 3A ).
To examine changes of chromatin accessibility in Jil-1 and Parp-1 mutants, we performed a chromatin digestion assay using micrococcal nuclease (MNase) (Pinnola et al., 2007) . The digestion efficiency was assessed by quantitative PCR (qPCR) at position À150 of the hsp70 promoter. The actin gene was used as a PARP-1-independent control. We observed that heat shock treatment abolishes the MNase resistance in wild-type animals, while in Jil-1 and Parp-1 mutants the À150 area of hsp70 promoter remained protected ( Figure 3B ). This experiment confirmed that displacement of nucleosomal histones observed in wild-type animals at the hsp70 locus was blocked in both Jil-1 and Parp-1 mutants. Mutating Jil-1 did not disrupt the overall distribution of PARP-1 in chromatin across the genome ( Figure S3A ) or the specific PARP-1 binding in the hsp70 promoter ( Figure S3B ). Therefore, our results confirm that JIL-1 kinase is required for H2Av Ser137 and H3
Ser10 phosphorylation, PARP-1 activation, and thereby for the regulation of PARP-1-dependent chromatin disassembly. PARP-1 plays a significant role in chromatin decondensation and transcription. JIL-1 kinase phosphorylates H2Av, triggering PARP-1 activation. Therefore, mimicking H2Av
Ser137 phosphorylation should rescue Jil-1 mutants. To test this hypothesis, the phosphomimetic form of H2Av, H2Av SE (Kotova et al., 2011) , was expressed in hypomorphic Jil-1 Z60 mutants (Wang et al., 2001 Figure 3C ), indicating the restoration of PARP-1 activation. To determine whether PARP-1-dependent chromatin decondensation and transcription were also restored in these animals, we tested the formation of puffs at heat shock loci after 30 min of heat shock treatment. Unlike wild-type, Jil-1 Z60 did not develop full-sized puffs ( Figures   3D and 3E ), while the same animals expressing H2Av SE developed normal-sized puffs after heat shock ( Figures 3D and 3E) . Surprisingly, despite the recovered viability of Jil-1 mutants, PARP-1 activation, and PARP-1-dependent chromatin loosening at heat shock loci, Jil-1 Z60 ;H2Av SE animals could not recover after heat shock and showed the post-heat shock mortality similar to that of Jil-1 Z60 mutants.
The increased sensitivity of Jil-1 Z60 ;H2Av SE animals to heat shock is explained by their inability to produce the necessary amount of Hsp70 mRNA ( Figure 3F ). Although mimicking H2Av phosphorylation completely restored PARP-1-dependent changes in chromatin and poly(ADP-ribosyl)ation, transcriptional elongation in the hsp70 locus was still blocked, perhaps due to the lack of JIL-1 functions other than those linked to H2Av. Moreover, we found that the level of RNA polymerase II (Pol II) Ser2 phosphorylation remained low ( Figure S4A ) even though H2Av SE expression partially rescued the viability and pADPr level in Jil-1 mutants. Previously, the phosphorylation of Pol II Ser2 was linked to JIL-1 kinase function (Ivaldi et al., 2007) . This modification is required for transcription elongation, assisting with the release of Pol II from promoter-proximal pausing (Ivaldi et al., 2007) . The lack of H3 phosphorylation and Pol II Ser2 phosphorylation in Jil-1 mutants expressing H2Av SE protein also might be responsible for the impaired chromatin opening by PARP-1 and transcription. Our data presented above indicate that H2Av phosphorylation by JIL-1 in the promoter region is transient and precedes PARP-1 activation (Figures 2 and 3 ). This transience is caused by histone displacement induced by PARP-1 activation, which removes the phosphorylated H2Av from the promoter area. This conclusion is consistent with the earlier report that phosphorylated H2Ax, the mammalian homolog of H2Av, is quickly replaced by the unmodified histone via poly(ADP-ribosyl)ation (Du et al., 2006) . Besides the transient phosphorylation of H2Av associated with transcription, we observed stable marks of phosphorylated H2Av in Drosophila polytene chromosomes. We found that whereas such stable phosphorylation is independent of JIL-1 kinase activity, the dynamic phosphorylation of H2Av requires the presence of JIL-1 (Figures S4B and S4C ). Since the stably phosphorylated H2Av does not colocalize with JIL-1 and PARP-1 ( Figure S4D ), it either is associated with other pathways or represents residual phosphorylation of H2Av that has not yet been removed by PARP-1 activity and stays on the borders of active chromatin. Our data (Figures 2D and 2E) show that JIL-1 physically interacts with both H2Av and PARP-1. Thus, JIL-1, PARP-1, and H2Av are components of a single protein complex. Taken together with the earlier findings, this might suggest not only that H2Av phosphorylation is required for PARP-1 activation, but also that the presence of JIL-1 is required for H2Av phosphorylation-dependent PARP-1 activation in the protein complex.
The H2Av Nucleosome Has a Greater Surface Accessibility to the Internucleosomal Parts of H3 and H4 The phosphorylation of histone H2Av by nuclear kinases in promoter regions acts as the first critical step to trigger PARP-1-dependent chromatin loosening. Previously, we demonstrated that neither direct interactions between H2Av nor phosphoH2Av and PARP-1 regulate PARP-1 activation (Kotova et al., 2011) . Instead, PARP-1 binding to the nucleosome is regulated by the interactions with core histones H3 and H4, while the interaction with H4 activates the PARP-1 enzymatic reaction (Kotova et al., 2011; Pinnola et al., 2007) 4B ; Movies S1 and S2). Deletional analysis confirms the importance of intranucleosomal regions of H4 for PARP-1 binding and activation ( Figure 4C ). Moreover, mutating a single amino acid, Val61 of H4, which is exposed in the H2Av nucleosome, disrupts PARP-1 binding and activation by H4 ( Figures 4D and 4E ).
To test whether the intranucleosomal amino acids of H4 are necessary for PARP-1 binding, we next assembled H2Av nucleosomes containing H4 with Val61 and Leu23 replaced by glycines. We found that mutating Val61 and Leu23 of H4 completely disrupts JIL-1-mediated PARP-1 activation, but not H2Av phosphorylation ( Figures 4F and 4G ). These data confirm the molecular modeling prediction that epitopes of H4 exposed in H2Av nucleosomes are necessary for PARP-1 binding and activation.
Phosphorylation of H2Av Changes the Degree of Exposure of H4 and H3 Epitopes on the Surface of the H2Av Nucleosome To explore the conformational changes responsible for regulating the activity of PARP-1 by histones, we developed a model of the Drosophila H2Av-containing nucleosome using the same approach as that used for modeling the H2A nucleosome. This model included extended tails of H2Av, H3, and H4, as well as an extended DNA with 168 bp, 22 base pairs more than the usual 146 bp commonly found in most nucleosomal structures. Modeling the conformations of histone tails was based on structures with the longest known tail structures. The C-terminal tail of H2Av, which is predicted to have a-helical character, was modeled using fragment assembly methods (Rohl et al., 2004) . The resulting position of Ser137 of H2Av lies between two helices of DNA, close to the dyad ( Figure 5A ).
We hypothesized that phosphorylation at this residue could induce conformational changes due to steric and electrostatic effects resulting in a local conformational change in the H2Av tail and possibly more distant changes in the nucleosome core as well as the conformation of other histones. Using both atomistic and energy minimization methods (Chaudhury et al., 2010; Krieger et al., 2002; Rohl et al., 2004) , we modeled the putative movement that could result from phosphorylation at Ser137. We found that the phosphorylated H2Av C terminus extended the initial a helix, projecting Ser137 11.5 Å away from nucleosomal DNA ( Figure 5B ; Movies S3 and S4). In addition, changes in the solvent-accessible surface area of H4 and H3 were observed ( Figures 5C, 5E , and S5; Movies S3 and S4). The largest surface accessibility changes (phosphorylated H2Av Ser137 minus unphosphorylated nucleosomes) map to regions in the H3 globular part as well as a patch of H4 residues that are adjacent to the major acidic patch ( Figures 5D-5F ), although the acidic patch itself is not affected. Importantly, diphosphorylation of a nucleosome leads to smaller conformational changes than does monophosphorylation ( Figure S5 ). Therefore, it seems plausible that whereas phosphorylation of a single H2Av histone by JIL-1 increases the number of exposed epitopes that activate PARP-1, phosphorylation of the second H2Av histone within the same nucleosome might reduce the exposure of such epitopes. The positions of Leu23 and Val61 amino acids in H4 were not affected by H2Av phosphorylation ( Figures 5C, 5E [yellow], and S5). These amino acids are exposed and closely positioned on the surface of the H2Av nucleosome and probably form a hydrophobic patch that holds PARP-1 on the nucleosome. Being fixed on the nucleosome via this hydrophobic patch, PARP-1 becomes activated by interacting with other H3 and H4 epitopes, which have moved and become exposed upon H2Av phosphorylation. The acidic patch residues are largely located in H2A and H2B histones (Chodaparambil et al., 2007) and should not be affected by H2Av phosphorylation. Thus, although H2Av phosphorylation changes regions of nucleosomes that presumably interact with PARP-1, it does not affect the binding of PARP-1 mediated by Leu23 and Val61, the binding of proteins in the acidic patch, or nucleosome-nucleosome interactions.
DISCUSSION
Changes in chromatin conformation are responsible for transmitting epigenetic information (Jenuwein and Allis, 2001; Wolffe, 2001) . Interacting with core histones, PARP-1 functions as a key regulator of chromatin state (Kotova et al., 2011; Pinnola et al., 2007) . While PARP-1 is activated by interacting with histone H4, its H4-dependent activation is inhibited by the presence of H2A (Pinnola et al., 2007) . PARP-1 is associated with H2Av-containing nucleosomes, but not with those containing H2A (Kotova et al., 2011) (Figure 2C ).
In the promoter region of the Hsp70 gene, H2Av-containing nucleosomes are colocalized with both PARP-1 and JIL-1 (Figure 2C) . Such nucleosomes have a higher surface accessibility of histone H4, so that the PARP-1 binding patch of H4, containing Val61 and Leu23, is exposed on the nucleosome surface but hidden in the H2A-containing nucleosomes. Phosphorylation of H2Av at Ser137 causes structural changes in the H2Av-containing nucleosome, altering conformation around the PARP-1 binding patch and activating PARP-1. As was shown earlier, PARP-1 then modifies surrounding chromatin proteins by the addition of pADPr, resulting in chromatin decompaction and activation of transcription (Petesch and Lis, 2012; Tulin and Spradling, 2003) .
H2A-containing nucleosomes are positioned downstream of the promoter region of the Hsp70 locus ( Figure 2C ). Acetylation of K5 in the N-terminal tail (N-tail) of H2A is known to be required for PARP-1-dependent transcription of Hsp70 (Petesch and Lis, 2012) . We found that the H2A N-tail inhibits PARP-1 ( Figure S6 ). Therefore, we suggest that H2A has an inhibitory effect on PARP-1 during transcriptional elongation and that acetylation of H2A K5 disrupts this inhibitory effect on PARP-1.
Based on this set of relationships, we propose a model describing how conformational changes in nucleosomes initiated by phosphorylation and acetylation trigger PARP-1 activation and thereby lead to chromatin restructuring ( Figure 6 ): (1) PARP-1 and JIL-1 are preferentially bound in promoter regions by association with H2Av-bearing nucleosomes; (2) PARP-1 is kept inactive by interaction with surrounding H2A-bearing nucleosomes, while the acetylation of H2A K5 disrupts the inhibitory effect of H2A; (3) the appearance of a transcription factor in response to external stimuli triggers molecular changes, leading to JIL-1 activation; (4) JIL-1 kinase interacts with an H2Av-bearing nucleosome and phosphorylates H2Av Ser137 ; (5)
H2Av
Ser137 phosphorylation increases the strength of the interaction between PARP-1 and H4, thereby initiating pADPr production; (6) pADPr induces further changes in the nucleosome (relaxation), allowing JIL-1 phosphorylation of H3 Ser10 ; (7) changes in nucleosomal structure resulting from these modifications lead to chromatin loosening and transcription activation; and (8) acetylation of H2A K5 allows the displacement of PARP-1-dependent histones ahead of transcription.
As outlined above, our findings identify a cascade of molecular events that leads to changes in chromatin structure and, ultimately, gene expression. The histone code hypothesis proposes that modifications of DNA and histones attract or repel specific protein complexes that slowly reposition nucleosomes to change the state of chromatin. However, our findings indicate that local chromatin reorganization and transcriptional activation can be achieved rapidly by activating a protein-nucleosomal complex that includes an H2Av-containing nucleosome, JIL-1 kinase, and PARP-1. The activated complex induces changes in nucleosome conformation that expose histone epitopes binding with PARP-1, thereby activating or repressing its function. , and Jil-1 Z60 ;H2Av SE mutant third-instar larvae using quantitative RT-PCR. See also Figure S4 .
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EXPERIMENTAL PROCEDURES
Drosophila Strains and Genetics
Fly stocks were obtained from the Bloomington Drosophila Stock Center and the Exelixis Collection at the Harvard Medical School, except as indicated. Genetic markers are described (FlyBase Consortium, 1999) . H2Av 810 stock is described (Swaminathan et al., 2005) . Jil-1 P01579 stock was generated by the L. Cooley lab (Kelso et al., 2004) . The Jil-1 Z2 null mutant and Jil1 Z60 hypomorph mutant were described (Wang et al., 2001) . Whereas the hypomorph mutants survive to a later developmental phase, using this strain allows the monitoring of PARP-1 activity associated with metamorphosis in vivo. The null mutant was ideal for analyzing the effects of Jil-1 absence on PARP-1-dependent transcription of Hsp70, as this strain is completely devoid of Jil-1. Using two different mutations in the Jil-1 locus was necessary to achieve two different goals. Jil1 Z60 mutants still express very low levels of JIL-1 protein ($3%) (Wang et al., 2001) . Thus, such mutants develop to a stage that is sufficiently advanced so as to be suitable for immunohistochemical study of salivary glands, polytene chromosomes, and PARP-1-dependent stages of metamorphosis. Null mutation of Jil-1 locus Jil-1 Z2 leads to an early developmental arrest. Its polytene chromosome structure is severely disrupted and, therefore, unsuitable for cytological study. However, this complete abolishment of JIL-1 expression in Jil-1 Z2 is necessary for biochemical and ChIP experiments. Parp-1 C03265 strains were generated in a single pBac-element mutagenesis screen (Artavanis-Tsakonas, 2004). Parp-1 CH1 mutation was described by Tulin et al. (2002) . Parg 27.1 mutation was constructed by Hanai et al. (2004) . pP{w1, UAS::PARP-1-DsRed} was described by Tulin et al. (2002) . The transgenic stock with pP{w1, UAS::H2Av SE } was described by Kotova et al. (2011) . The following GAL4 driver strains were used: arm::GAL4 (Bloomington stock no. 1560), da::GAL4 (gift of A. Veraksa), and 69B-GAL4 (Manseau et al., 1997) . Balancer chromosomes carrying Kr::GFP, i.e., TM3, Sb, P{w+, Kr-GFP} and FM7i, P{w1, Kr-GFP} (Casso et al., 2000) , were used to identify heterozygous and homozygous Immunohistochemistry Immunochemistry was performed as described (Kotova et al., 2011) .
Chromatin Immunoprecipitation Assay
Wild-type and Jil-1 P01579 files were cultured on standard cornmeal-molassesagar media at 25 C, unless otherwise indicated. The third-instar larvae were collected for ChIP and treated as described previously (Kotova et al., 2011) . ChIP experiments were performed using polyclonal anti-histone H2A (Abcam), anti-GFP (rabbit, Torrey Pines Biolabs, #TP401, 1:1,000), anti-H2Av ( Quantitative real-time PCR (qPCR) was used to determine the enrichment of immunoprecipitated material relative to the input material using primers specific to sequences at the hsp70 locus. Detailed sequence information about the primers used for ChIP-qPCR is described (Kotova et al., 2010) .
Quantitative Real-Time PCR Assay JIL1-dependent hsp70 gene transcriptional activation was compared between wild-type and JIL-1-negative animals before and after 40 min of heat shock treatment. The level of hsp70 mRNA was detected using quantitative RT-PCR. Total RNA was isolated from third-instar larvae using an RNeasy Lipid Tissue Mini kit (QIAGEN). DNA contamination was removed using TURBO DNA-free (Ambion). RNA concentration was measured using the Agilent 2100 Bioanalyzer (Agilent Technologies) in combination with an RNA 6000 Nano LabChip (Agilent Technologies). Real-time PCR assays were run using the StepOnePlus Real-Time PCR System (Applied Biosystems). The quantitative real-time PCR (qPCR) primer sequences for Drosophila melanogaster heat shock protein 70 (DmHsp70) were 5 The difference in threshold cycle (CT) values (DCT) between Hsp70 and actin was used to normalize the amount of DNA.
Western Blot
The following antibodies were used for immunoblotting assays: anti-pADPr (rabbit 1:4,000, Calbiochem, #528815), anti-pADPr (mouse monoclonal, 1:500, Tulip, #1020), anti-B-actin (mouse monoclonal 1:5,000, Sigma, #A5441), pAb anti-H2Av (1:1,000) (Madigan et al., 2002) , anti-GFP (rabbit, Torrey Pines Biolabs, #TP401, 1:1,000), anti-RNA polymerase II phosphoserine 2 (mouse, Covalence, clone H5, #MMS-129R, lot #14813101, 1:3,000), anti-RNA polymerase II phosphoserine 5 (mouse, Covalence, clone CTD4H8, #MMS-128P, 1:4,000), and anti-GFP (mouse monoclonal, Becton Dickinson, #632380, 1:5,000). Western blotting was done using the detection kit from Amersham/GE Healthcare (#RPN2106) according to manufacturer's instructions.
Reconstitution of Mononucleosomes
H2Av histone was purified as described (Kotova et al., 2011) . Core histone octamers were assembled as described (Pinnola et al., 2007) . Mononucleosomes were formed via ''small-scale'' reconstitution as described (Luger et al., 1999) . 5S DNA ($200 bp) obtained by PCR and purified by QIAEX II beads (QIAGEN) was combined with 50 mg of each octamer per reconstitution reaction. Mononucleosomes were purified by $3.5 ml 10%-30% glycerol gradient containing 50 mM Tris-HCl (pH 7.5), and 1 mM EDTA in 11 3 60 mm centrifuge tubes (Beckman Coulter Genomics). Gradients were spun at 35,000 rpm for 18 hr at 4 C. SW60 Beckman Rotor was used. Mononucleosomes were quantified by ImageJ after dissociative treatment with 1 M NaCl and running on ethidium bromide-stained 0.53 Tris-borate-EDTA (TBE) 4% native polyacrylamide gels along with DNA Mass Ladder.
Kinase Assay In Vitro
Kinase assays were performed as described by Boeke et al. (2010) . To detect phosphorylation of core histones in nucleosomes, 1 mg of H2Av-or H2A-containing nucleosome was mixed with 200 ng of JIL-1 kinase in kinase buffer (20 mM HEPES (pH 7.6), 1 mM MgCl2, 1 mM EGTA, 5 mM NaF, 0.1 mM Na 3 VO 4 , ±50 mM ATP). Reaction mixtures were incubated at room temperature for 25 min, followed by detection of phosphorylated histones on western blot after PAGE.
PARP-1 Activation Assay In Vitro
Full-length Drosophila PARP-1 open reading frame (ORF) was cloned into the BamHI site of the pET24a vector and expressed as described by Cirillo et al. (2002) . PARP-1 protein was purified as described by Langelier et al. (2012) . For PARP-1 activation in vitro reaction assays, PARP-1 protein was transferred to PARP-1 reaction buffer along with 400 ng of total mononucleosomes and equimolar amounts of His-tag-fused JIL-1 kinase per reaction. H4 or DNA An H2Av-bearing nucleosome has a greater affinity to PARP-1 because of better surface representation of H3 and H4. Therefore, such a nucleosome preferentially binds PARP-1 and positions it inside promoters (Kotova et al., 2011) . A neighboring H2A nucleosome inhibits PARP-1 via H2A-PARP-1 interaction (Pinnola et al., 2007) . Phosphorylation of H2Av Ser137 increases the strength of interaction between PARP-1 and H4 within the H2Av nucleosome, thereby initiating pADPr production. The acetylation of H2A Lys5 in the H2A nucleosome disrupts the inhibitory effect of H2A on PARP-1, thus enhancing pADPr synthesis. See also Figure S6 .
(50 ng) were used as controls. Assay continued as described by Pinnola et al. (2007) .
Protein Interaction Assay In Vitro
Protein coupling to cyanogen bromide (CNBr)-activated Sepharose beads (GE Healthcare) and in vitro binding assays were adapted from Pinnola et al. (2007) . Beads coupled to individual histones (400 pM) were washed once for 10 min in binding/washing buffer (10 mM Tris-HCl [pH 8], 140 mM NaCl, 3 mM dithiothreitol [DTT] , and 0.1% Triton X-100). Assays included a mixture of full-length Drosophila PARP-1 (15 pM) in addition to mock and IgG (10 pM) controls. PARP-1 and IgG were incubated with the histonecoupled beads in binding/washing buffer for 20 min. All binding and washing were done at room temperature (RT) with gentle rotation. IgG interaction was detected using anti-rabbit horseradish peroxidase (1:3,000, Jackson ImmunoResearch Laboratories), and PARP-1 was detected using anti-Histagged antibody.
Nuclei Isolation and Micrococcal Nuclease Digestion
Fresh pupae (0.5 g) were homogenized in 10 ml of buffer A1 (15 mM Tris-HCl [pH 7.5], 60 mM KCl, 15 mM NaCl, 5 mM MgCl 2 , 0.5% Triton X-100, 0.1 mM EGTA, 0.5 mM DTT, and CompleteTM Protease Inhibitors [Roche]), using a Potter homogenizer (PYREX). The homogenate was filtered through two layers of Miracloth (Calbiochem), homogenized using a Dounce homogenizer (pestle B) (Kontes Glass Co.) with 10-15 strokes, and centrifuged for 4 min at 4,000 3 g and 4 C. The pellet was washed once with 10 ml of the A1 buffer, then resuspended in 6 ml of A1, loaded onto 3 ml of buffer A1/0.3 M sucrose, and centrifuged for 6 min at 1,500 3 g and 4 C. Nuclei were washed once with ), nuclei were lysed on a rotating platform at 4 C for 20 min. The resulting DNA was then purified by phenol-chloroform extraction, dissolved in double-distilled water (ddH 2 O), and used as a template for qPCR. Detailed sequence information about the primers used for ChIP-qPCR is described (Kotova et al., 2010) .
The Molecular Modeling of the H2Av-Containing Nucleosome
Modeling Full-Length H2Av and H3 Tails A full-length model of H2Av was generated by a fragment-based modeling approach using I-TASSER (Roy et al., 2010) . This full-length H2Av was inserted into the Drosophila nucleosome structure (PDB 2NQB from the Luger Lab) by superposition onto the H2A protein with Chimera (Pettersen et al., 2004) . H3 tails were modeled using loop modeling routines in the program YASARA (Krieger et al., 2002) , and the resulting complex was optimized by steepest descent energy minimization methods and rotamer optimization using SCWRL4 (Krivov et al., 2009) . Addition of DNA to Nucleosome DNA in the Drosophila nucleosome structure (PDB 2NQB) contains 146 bp of alpha satellite DNA. Rosetta routines for extending DNA were provided by Dr. Bradley (https://www.rosettacommons.org/content/adding-nucleotidesdna-model; Liu and Bradley, 2012) and used previously to model TALEN protein-DNA interactions (Bradley, 2012) . B-form DNA (11 bp) was added to both sides of the alpha satellite DNA and optimized 4 bases beyond the junction. The resulting DNA totaled 168 bp, with the DNA extending to the dyad in B-form.
Modeling of Conformational Changes due to Phosphorylation of H2Av Ser137
Three versions of the nucleosome were prepared, either doubly, singly, or unphosphorylated at H2Av Ser137, using the noncanonical SwissSidechain library in Chimera (Gfeller et al., 2012) . Structure files in PDB format for the H2Av-containing nucleosome models (prior to movement with energy minimization routines) with or without phosphorylated H2Av-Ser137 are available upon request. Movement of the phosphorylated nucleosomes was compared to that of the unphosphorylated after energy minimizations in YASARA using the AMBER 2003 force field with long-range electrostatics enabled. Structure files in PDB format for the H2Av-containing nucleosome models with or without phosphorylated H2Av-Ser137 are available upon request. Quantitation of the resulting solvent-accessible surface area was performed with YASARA (Krieger et al., 2002 ) on a per residue basis, and the changes in H3 and H4 were compared between phosphorylated and unphosphorylated versions of the nucleosome. Data were then added to the B-factor column of the model's PDB file for visualization in Chimera using the PyRosetta Toolkit GUI (AdolfBryfogle and Dunbrack, 2013) . Alternative Method of Creating the Drosophila H2Av-Containing Nucleosome Model For comparison, the H2Av protein was modeled in the context of the whole nucleosome using BAM (Shapovalov and Dunbrack, 2011; Wang et al., 2008) , which allows simultaneous modeling of all four Drosophila histone proteins based on a single template nucleosome (PDB 2NQB). A near-full-length model of H2Av was also superimposed on the H2A protein found in the Drosophila nucleosome structure using UCSF Chimera (Pettersen et al., 2004) , and side-chain rotamers for the entire nucleosome were optimized with a backbone-dependent library and the SCWRL 4 software (Krieger et al., 2002) .
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